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Abstract 
Geologic sequestration of carbon dioxide is an option for the mitigation of industrial emissions. However, considerable effort 
remains to shift this technology from its current status as potential solution to a safe, effective and trusted foundation to the 
global energy system. Characterization of gas movement and sorption capacity of coal at in-situ conditions is required. Using the 
volumetric method, measurements of CH4 and CO2 sorption and diffusion in coal have been made on powder and non-powder 
confined coal. Results obtained, emphasized that the sorption capacity and the kinetics of gas in coal are both influenced by the 
stress state of the sample. The application of 6.9 MPa confining stress contributed to about 30% and 80% of sorption capacity 
reduction for CO2 and CH4 respectively. The sorption and diffusion of CO2 in confined coal follow two distinct rates described 
with diffusion coefficients of 2.3 x 10-6 m2/s and 9.4 x 10-12 m2/s respectively. In contrast, the flow of methane is characterized by 
a continuous process with a diffusion coefficient of 3.8 x 10-7 m2/s. These observations confirms the complex interaction of CO2 
with the coal structure and stressed that CH4 and CO2 sorption and transport in coal should be characterized differently, 
specifically when dealing with non-powder confined samples. Consequently, the use of information collected on pulverized coal 
samples for the simulation and prediction of long term underground sequestration and enhanced coalbed methane is not justified. 
Keywords: Sequestration; diffusion; kinetics; flow; modeling; 
1. Introduction 
The management of greenhouse gases emissions from industrial effluents is a major concern worldwide. It is 
imperative to aggressively reduce the current emission rate to avoid severe damage on the earth’s ecosystem. 
Various geologic settings are being studied as potential options for carbon dioxide storage. These include depleted 
and depleting oil and gas reservoirs, deep saline aquifers, and deep unmineable coal seams. Injection of CO2 into 
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unmineable coal seams offers the advantage to sequester carbon while simultaneous enhancing methane recovery. 
Enhanced CH4 recovery can partially or totally offset the cost of CO2 injection. However, considerable effort 
remains to transition this technology from its current status as potential solutions to climate change to a safe, 
effective, and trusted cornerstone to the global energy system. Evaluation of sorption capacity and transport rates of 
gases in coal structure under replicated in-situ conditions is essential for adequate coalbed reservoir characterization. 
Although crushed coal provides useful information for coal structure characterization, underground storage take 
place within compact coal monoliths. There are evidences that in-situ conditions affects coal uptake capacity [1; 2], 
influence strain distribution  [3] and consequently impacts gas movement in coal. 
The objective of this paper is the characterization of the rate of methane and carbon dioxide sorption processes in 
powder and non-powder confined coal samples. The uptake capacity was also evaluated and correlated with the 
confining stress. Step-change of pressure or surface concentration experiments are usually undertaken to provide 
information on processes governing the sorption rate. Therefore, the dynamic sorption behaviour of CH4 and CO2 
sorption and the sorption rate on coal were determined from the volumetric isotherm data. The main advantage of 
this method is the simultaneous determination of the sorption capacity and the sorption rate. Because modelling of 
sorption kinetics is of great importance for simulation, scaling-up, and operational purposes, the rate and mechanism 
of CH4 and CO2 sorption have been characterized from the application of kinetic model derived from experimental 
data. The developed model was used to describe the kinetic data, and the diffusion constants evaluated. 
Previously, a number of studies have demonstrated the similarity between the co-polymeric cross-linking nature 
of coal and polymers structure. The basic idea that sorption of gases in glassy polymers occurs by two distinct 
mechanisms as proposed by Vieth and Sladek [4] has been extended to coal and has offered a reasonably successful 
means of interpreting sorption kinetics data [5; 6; 7]. However, in contrast of synthetic polymers which have 
established characteristics, coal properties and behaviour are defined by a number of variables not well understood. 
Therefore, it can be anticipated that the process of sorption on coal, because of it complex nature and structure, will 
proceed in a more complicated manner than in the case of design polymers. 
 
2. Background 
The pore network of microporous solid can be evaluated through measurement of its effective diffusivity. Thiele 
[8], Aris [9], Nandi and Walker [10; 11; 12; 13], and recently Clarkson and Bustin [14], Siemons et al. [7], and 
Busch et al. [15] have elaborated on the theory governing gas diffusion in coal pore structure. 
Zwietering et al. [16] measured the effective diffusivity of coal by measuring the uptake of argon and using the 
following relation developed by Barrer and Brook [17]. 
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where ܯ௧ is the amount adsorbed at time ݐ, ܯ଴ is the amount adsorbed at time ݐ ൌ Ͳ, ܯ is the amount adsorbed at 
time ݐ ൌ , ܵ is the specific surface area, ܦ௘ the effective diffusion and ௣ܸ the specific pore volume. Measuring the 
total gas evolved after releasing the pressure on an equilibrated sample, Bolt and Innes [18] determined effective 
diffusion rates in coal. Similar studies were performed by Sevenster [19], Karn et al. [20] and Debelak and Schrodt 
[21]. 
A different method to investigate the flow of gas through coal’s microporous structure was proposed by Nelson 
et al.[22]. The procedure consists of charging the sample under investigation to some pressure in excess of 
atmospheric pressure. Then, the unsteady-state release of gas is measured after sudden reduction of pressure. Using 
the following equation from Crank [23] 
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values of ܦ௘ can be determined. This equation is commonly referred to as unipore model solution. Using the above 
description, Smith and Williams [24] evaluated effective diffusivities of methane from sub-bituminous coal. Their 
main objective was to assess if the effective diffusivities obtained from data at short times would correlate over the 
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entire timescale of the sorption experiment. They concluded that experimental data agreed well for 
ሺܯ௧ െܯ଴ሻ ሺܯ െܯ଴ሻ ൑ ͲǤͷΤ , but large deviation occurred at longer times. 
Airey [25] studied methane desorption from coal and concluded that unipore model as described above was 
inadequate to characterize diffusion over the entire timescale and proposed an empirical equation of the form: 
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where ݊ is a constant and ݐ଴ a time constant different for each sample and increasing linearly with particle size. The 
size of coal particle used ranged from ͹ͷߤ݉ to ͳǤ͵ܿ݉. Although Airey’s model appeared simple and easy to 
implement, the extraction of diffusivity constant from it is not obvious. Instead, he presented the time constant 
required to achieve more than 60% of the uptake capacity. 
Most of the methods discussed have performed the analysis from a strictly diffusion prospective and have 
ignored any adsorption which might have occurred. Additionally, the analysis of the stress impacts on diffusion 
process was absent since those experiments were mostly limited to crush samples. This paper focuses primarily on 
the characterization of coal-gas system dynamic behaviour during methane and carbon dioxide sorption at replicated 
in-situ conditions. It includes the quantification of the effect of confining stress on sorption capacity and transport 
rates and its variation with time in coal at constant effective stress. Methane and carbon dioxide sorption rates are 
evaluated for 6.9 MPa (1000 psi) confining stress. This value simulated a depth of about 1000 feet assuming an 
average depth gradient of 1 psi/ft as typically recorded in most American coalfields. Information collected from the 
same coal, but crushed and unconfined allows comparison. Gas uptake curves are evaluated by a developed 
mathematical model and diffusion constants are extracted. 
 
3. Mathematical Modeling 
Transport of gas in coalbed takes place in a multi-scale of pore system. The interplay of the high flow rate of the 
macroscopic fracture network and the low flow rate of the matrix during sorption needs to be well understood to 
allow appropriate management of injection and production processes. According to Ciembroniewicz and Marecka 
[5] pores of molecular dimensions play major role in the sorption processes in coal. Additionally it is well known 
that coal fracture distribution control the flow. Sorption in microporous media is often described by the theory of 
volume filling of micropores (TVFM) developed by Dubinin and his co-workers [26; 27; 28; 29; 30] . The general 
TVFM relations for homogeneous microporous structures of carbonaceous sorbents are the Dubinin-Radushkevich 
(D-R) and the Dubinin-Astakhov (D-A) equations [31]. The generalization of the D-R equation to carbonaceous 
sorbents with heterogeneous microporous structures was proposed by Huber et al. [32]. According to Huber and co-
workers, adsorption by a heterogeneous collection of micropores should be expressed in the form of a sum of 
contribution. According to Dubinin [27], using the TVFM, the micropore volume distribution for heterogeneous 
microporous structures may be expressed by superposing two microporous structures: that of the micropores and 
that of the supermicropores. Translating this view to coal would correspond to macropores and micropores systems. 
Analysing the sorption of CO2 in coal, Siemons et al. [7] stated that the diffusion processes in coal consist at least of 
two independent processes . This observation was later confirmed by Bush et al.[15]. 
By analogy to Huber et al. [32] and Dubinin [31] approaches, and assuming a continuous distribution for coal 
pores volume, the sorption and kinetic of gases in coal can be modelled using a class of mathematical expressions 
based on the characteristics of the general Gaussian equation. 
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where ߪ is Gaussian standard deviation, ݉ is Gaussian mean and ݔ the independent variable. The term ܣ allows this 
function to represent the distribution without being normalized since in general we do not have data sets with the 
integral unity. 
 Assuming that the flow properties of coal are represented by pore structures and diffusion mechanisms that can 
be described as a group of Gaussian distributions, Equation 1 can be converted into its cumulative form [33]. 
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The subscript ݅ represents the parameters described above required to characterize each sorption-diffusion curve and 
ܿ is the constant of integration. 
Equation 2 is most useful in the summation form where the convolution of multiple distribution functions is possible 
[33]. 
σܨ௫ ൌ σ
ଵ
ଶ
ξʹߨǤ ܣ௜Ǥ ߪ௜Ǥ  ቀ
௠೔ି௫
ξଶǤఙ೔
ቁ ൅ ܿ௡௜ୀଵ                                                                   ሺ͵ሻ 
Each process takes a Gaussian distribution function. Although this model describes the sorption-diffusion quite well, 
there is no analytical solution to extract the Gaussian standard deviation and mean necessary to evaluate the 
diffusion coefficient. Consequently, the Levenberg-Marquardt algorithm [34] was used to find the optimal fit and 
deduced those parameters. The diffusion coefficient ሺܦሻ is determined for each process and related to the Gaussian 
standard deviation ሺߪሻ as follows [23] 
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where ݐ is the time at the mean. 
 
4. Results and Discussion 
The sorption of gases as a function of time ݐ was obtained on the basis of the difference between the initial 
amount of gas introduced into the cell and the amount of the gas remaining in the void space of the cell at any given 
time ݐ௜ from ݐ ൌ Ͳݐ݋ݐ௘௤ (equilibrium). The pressure decrease in the system was measured automatically and 
allowed simultaneous monitoring and recording of time and pressure. The injection pressure was 3.1 MPa in all the 
sorption cycles. Bituminous coal core with 2.54 cm diameter and 2 cm length was used. Sorption measurement on 
Figure 1: Methane and carbon dioxide excess sorption on powder (-60 mesh) coal at 20C. (a) Short and (b) long exposure times 
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similar coal but crush at 200 micron allows comparisons. 
 
Figure 1 (a) and (b) show the uptake of CO2 and CH4 for short (t 0.14 days ~ 4 hours) and long (t ՜ eq) coal-gas 
contact times at 20°C. It can be seen that the sorption of CO2 occurred rapidly, achieving more than 95% of the total 
capacity during the first few hours. In contrast, the sorption of CH4 occurred slowly, achieving around 70% of the 
total capacity at the same period. Figure 1 shows that CO2 had higher affinity with coal structure. Physical properties 
of CO2 molecules are presented in Table1. CH4 properties are also included for comparison purpose. ߪ  is the kinetic 
diameter, ן the quadrupolar moment and ߙ the polarizability. 
Table 1: Physical constants of CO2 and CH4 
 ߪ൫ܣሶ൯ ן ൫ܣሶଷ൯ ߙ ൫ܣሶଷ൯ 
CO2 3.30 0.64 1.9 
CH4 3.80 0 2.6 
 
Figure 2 (a) and (b) show that the uptake of CO2 and CH4 varies with the physical state of the sample. We noted 
that the uptake capacity decreased with increasing stress condition. The data shown in Figures 1 (b) and 2 (b) 
indicate the sorption capacity achieved values of about 1.2 mmoleCO2/gcoal and 0.9 mmoleCO2/gcoal for powder and 
non-powder confined at 6.9 MPa (1000 psi) respectively. This corresponds to almost 30% of capacity reduction. The 
sorption process at 6.9 MPa confining stress appeared slows so that after 30 days, the uptake achieved was about 0.9 
mmoleCO2/gcoal. The time required to reaching this value for powder unconfined was about 1 hour. Similar uptake 
capacity and kinetics reduction due to confining stress are observed with CH4. These results indicate that the 
sorption and diffusion of CH4 and CO2 molecules through coal multi-scale pores was influenced by the physical 
state of the sample and that diffusion is the rate-controlling step in the sorption of these gases when the sample is 
under stress conditions. 
Having obtained such contrasting results for powder and non-powder confined coal samples, it was of interest to 
evaluate the influence of grinding and stresses on the sorption kinetic and capacity of these gases. The results 
obtained could be useful for establishing the suitable condition for reservoirs simulation and prediction. 
 
 
 
 
Figure 2: Methane and Carbon dioxide sorption on 6.9 MPa confining coal core: (a) short and (b) longer exposure time 
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In Figure 3 (a) and (b), we show plots for methane and carbon dioxide sorption on a confined coal core sample 
respectively. These curves are presenting measurements for a typical cumulative gas volume versus time. The solid 
line is the model prediction based on Gaussian distribution approach as outlined in the previous section. Figure 3 (a) 
and (b) shows a clear difference between CH4 and CO2 evolution. Hence, unipore diffusion model might not be 
accurate for CO2 transport characterization in non-powder confined coals. Different gas sorption rates are evident in 
Figure 3 (b). These different gas sorption rates are the basis of our modelling investigation. 
 
Using the model described, two distinct gas transport processes can be extracted from the overall gas evolution 
curve in figure 3 (b). Process A, as represented in Figure 3 (b) corresponds to the gas flow in cleats, macro and some 
micropores which occurs at the early times of the injection process. This is usually characterized by Darcy’s law 
depending on the system pressure or sometimes can be evaluated by Fickian diffusion equation. Process B, in Figure 
3 (b), is the gas flow in micro and ultra-micropores where it is dominated by Knudsen, surface and molecular 
diffusion. This process is also influenced by the interaction of CO2 with coal pores network. It is important to note 
that all these processes overlap each other. In contrast, in Figure 3 (a) these two different stages of gas movement 
are not evident. This leads to the conclusion that CH4 and CO2 transport and behaviour in coal follow different 
processes. The imbibitions and dissolution of CO2 in coal matrix that has been reported previously [35; 36] may be 
the cause of the discrepancy noted.  
Data extracted from Figure 3 (a) and (b), suggests that diffusion coefficient in Process A (gas flow in the 
macropore) is 2.3 x 10-6 m2/s which is consistent with the value reported by previous workers studying crush coal 
[20; 37; 38; 39; 40]. The determined diffusion coefficient of CO2 from Process B in ultra-micropres of coal is 9.4 x 
10-12 m2/s which is consistent with the measurement of diffusion in bitumen [41] . Assuming that bitumen and coal 
matrix are comparable, this result supports the view that CO2 sorption and transport rates in coal is controlled by the 
complex interplay of stress and time and also the effects of CO2 interaction with the coal structure. The diffusion 
coefficient of Process C (methane uptake) is 3.8 x 10-7m2/s which less than the diffusion rate of Process A, but more 
than Process B diffusion rate. 
5. Conclusions 
The gas sorption and transport behavior in powder and non-powder confined coal sample is studied with an 
emphasis on the impact of confining stress and the multi-scale pores structure of coal on the overall gas evolution. A 
method based on Gaussian distribution is proposed to characterize the transport behavior of CO2 in coal. This 
contribution emphasized that the sorption capacity and the kinetics of gas in coal are both influenced by the stress 
Figure 3: Gas evolution curves for methane (a) and carbon dioxide fitted to the model of coal subjected to 6.9 MPa confining stress 
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state of the sample. The application of 6.9 MPa of confining stress contributed to about 30% and 80% of sorption 
capacity reduction for CO2 and CH4 respectively. The sorption and diffusion of CO2 in confined coal follow two 
distinct rates described with diffusion coefficients of 2.3 x 10-6 m2/s and 9.4 x 10-12 m2/s respectively. The CH4 
sorption and diffusion is characterized by a single process with the diffusion coefficient of 3.8 x 10-7 m2/s. It is 
evident from these results that CH4 and CO2 sorption and transport in coal should be characterized differently, 
specifically when dealing with non-powder confined samples. Data characterizing sorption and diffusion of gases in 
coal at in-situ conditions are scares and it is important to investigate this behavior further. 
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